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3,39-Dichlorobenzidine (DCB) and its degradation products, 3-chlorobenzidine (MCB) and
benzidine, are of environmental concern because of their carcinogenic nature. The suitability
of a small Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer for the
analysis of these environmental contaminants in different types of matrices was explored. All
the measurements were carried out by depositing the sample solution directly on a disk that
was introduced into the mass spectrometer. This approach is very fast and simple because it
requires no prior chromatographic separation or derivatization. Calibration curves determined
by collecting 70-eV electron ionization mass spectra of neat samples yielded lower limits of
detection of 29 and 17 pg (total amount on the solids probe) for DCB and benzidine,
respectively (based on a signal to noise ratio of $2:1), while chemical ionization with ammonia
resulted in lower limits of detection of 21 pg for DCB and 9 pg for benzidine (total amount on
the solids probe). FT-ICR analysis of sediments collected from Lake Macatawa (Holland, MI)
verified the presence of DCB in this complex, environmentally significant sample matrix.
Laboratory experiments designed to probe biodegradation and photodegradation pathways
showed that DCB undergoes sequential dehalogenation to yield MCB and then benzidine
under exposure to microorganisms and under simulated tropospheric solar radiation. The
ability of the FT-ICR to determine elemental compositions of compounds introduced as
described above was demonstrated for one of the degradation products. (J Am Soc Mass
Spectrom 1999, 10, 1152–1156) © 1999 American Society for Mass Spectrometry
Aromatic amines, such as 3,39-dichlorobenzidine(DCB) and benzidine, enter the environmentfrom a variety of sources, including the manu-
facture of dyes, paints, textiles, and other related prod-
ucts [1]. These aromatic amines are believed to persist in
water, wastewater, urine, serum, and blood [2–4]. They
are of environmental concern due to their carcinogenic
nature. For example, benzidine and DCB have been
found to be carcinogenic in the human bladder and
liver, respectively [1, 5].
DCB and related compounds are hydrophobic and
have a high affinity for sediment particles. Transport of
these compounds in lake systems is thought to be
predominantly attributed to episodic sediment resus-
pension events [6, 7]. Other factors that influence the
fate of hydrophobic organic compounds in the sedi-
ment/water environment include microbial and photo-
chemical transformations. Obviously, the study of the
impact of these carcinogens on the environment re-
quires access to analytical methods that allow their
Address reprint requests to H. I. Kentta¨maa, Dept. of Chemistry, Purdue
University, West Lafayette, IN 47907. E-mail: hilkka@purdue.edu
© 1999 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received May 1, 1998
1044-0305/99/$20.00 Revised June 14, 1999
PII S1044-0305(99)00080-X Accepted June 21, 1999
reliable identification and quantitation in complex mix-
tures. High performance liquid chromatography
(HPLC) has been the primary method employed in
earlier studies [3, 8]. When equipped with electrochem-
ical detection, HPLC provides an acceptable sensitivity
for the analyses. The same applies to gas chromatogra-
phy (GC) with electrochemical detection after convert-
ing the aromatic amines to heptafluorobutyryl deriva-
tives [9]. However, neither approach allows the
unambiguous identification of the contaminants. Sepa-
ration combined with mass spectrometry (MS) has
proven to be a more specific approach. For example,
HPLC/particle beam/MS provides specificity and a
reasonably low detection limit (2.5 mg/l, or 2.5 ppt, for
benzidine) [10]. Stable isotope dilution capillary GC/
negative chemical ionization MS is even more sensitive
(0.5 ppt for benzidine) [11]. However, this approach
requires prior chromatographic purification of the sam-
ples and derivatization with pentafluoropropionic an-
hydride.
We decided to explore a different, simpler and faster
approach to the above measurements. A small, rela-
tively inexpensive low-field Fourier transform ion cy-
clotron resonance (FT-ICR) mass spectrometer was re-
cently employed to distinguish stereoisomeric diols [12]
and to develop chemical ionization methods for identi-
fication of long-chain carbon esters [13]. This instru-
ment provides an attractive alternative for environmen-
tal analyses due to its relatively high mass resolving
power ($53,000 at m/z 69 [14]), ability to carry out
accurate mass measurements (an accuracy of 20 ppm at
m/z 131 without an internal reference compound has
been demonstrated [14]), and versatility in MS/MS
experiments, as well as its potential for further minia-
turization. The results reported here demonstrate that
the small FT-ICR provides a useful tool for the identi-
fication and quantitation of DCB and other aromatic
amines in environmental samples.
Experimental
HPLC grade methanol and acetone (Fisher Scientific),
anhydrous diethyl ether (Mallinkrodt), and anhydrous
ammonia (Matheson Gas) were used as supplied. The
same applies to benzidine (95%; Sigma Chemical) and
DCB (99%; Chem Services). The purity of the chemicals
was verified using HPLC with ultraviolet detection
(only one peak was visible) and with mass spectrometry
(no peaks due to impurities were detectable). The
aqueous solubilities of DCB and benzidine are 3.99 and
400 mg/L, respectively [15].
The HPLC setup consisted of a Shimadzu automated
gradient system (LC-1OAD pump, FCV-IOAL solvent
delivery system, SCL-IOA system controller, SIL-1OA
autoinjector) equipped with a UV-VIS detector (Shi-
madzu SPD-IOA) operated at 285 nm and a reverse-
phase column (Supelco Inc; LC-1, 4.6-mm i.d. 3 25 cm)
with a guard column (10 mm 3 4.6 mm) packed with
Spherisorb silica C1 (Alltech Services). The mobile
phase consisted of 40/60 to 50/50 v/v mixtures of
acetonitrile and pH 4.7 100-mM acetate buffer made of
glacial acetic acid, sodium acetate, and deionized water.
Data were recorded using Class-vp (version 4.1, Shi-
madzu Scientific Instruments Inc., Riverwood, CO) as
the data acquisition program.
The FT-ICR system [14] consists of a single, nomi-
nally cubic 3.0-cm cell placed in a vacuum chamber
within the pole gap of a 0.4-T permanent magnet
(Finnigan FTMS, Madison, WI, Part No. F-6660). A
schematic illustration of the FT-ICR mass spectrometer
is shown in Figure 1. The instrument was pumped with
a 300-L/s diffusion pump to a nominal base pressure of
#6 3 1029 torr. The instrument was controlled by a
Finnigan FT/MS 1000 data station based on a Nicolet
1280 computer equipped with a Finnigan FTMS SWIFT
(stored-waveform inverse Fourier transform) module.
Supernatants and methanol and diethyl ether extracts
obtained from the biotransformation and photodegra-
dation experiments were applied onto a custom built
disk made from stainless steel or aluminium, and the
solvent was evaporated. The disk was introduced into
the mass spectrometer on a solids probe and heated to
about 50 °C, at which temperature all DCB and/or
benzidine evaporated at once. The spectra were col-
lected as a sum of 250 scans obtained while the probe
was heated to 50 °C in 1–2 °C increments.
Lower Limit of Detection
Stock solutions of DCB and benzidine were prepared by
gravimetric addition of DCB or benzidine into metha-
nol. Several different dilutions of the stock solutions
(approximately 5 mg/mL) resulted in methanol-based
solutions with four different concentrations for DCB
(4.2 pg/mL–36.0 ng/mL) and benzidine (1.7 pg/mL–17.1
ng/mL). These solutions were applied separately onto
the disk (described above), and evaporated into the
FT-ICR instrument at a nominal pressure of 0.5 3 1028
to 2 3 1028 torr. Electron ionization (EI) mass spectra
(70 eV) were measured for each sample. In the chemical
Figure 1. A block diagram of the Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer.
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ionization experiments, anhydrous ammonia was used
at a nominal pressure of 2 3 1028 to 4 3 1028 torr as
the ionizing reagent (chemical ionization time 3–4 s). In
these experiments, the nominal pressure of DCB and
benzidine was 0.5 3 1028 to 1.0 3 1028 torr.
Sediment Samples
Lake Macatawa sediment samples were collected with a
ponar grab sampler (Wildco Instruments, Saginaw, MI).
All samples were air dried, stored in amberglass con-
tainers, and refrigerated at 4 °C until analysis. The
sediment samples were analyzed gravimetrically for
organic carbon content by drying at 103 °C for 24 h and
igniting at 550 °C for another 24 h. DCB and benzidine
were extracted [7] from the sediment samples (1–5 g) by
equilibrating overnight with 3–6 mL methanol. The
sediment/solvent slurries were centrifuged for 75 min
at 1350 g. The methanol phase was analyzed with the
HPLC and FT-ICR mass spectrometer.
The extraction efficiency of DCB (21%–95%, depend-
ing on the type of sediment) and benzidine (36%–75%)
from sediment was determined by using the following
procedure. Sediment samples were spiked with DCB or
benzidine and allowed to equilibrate for 5–8 days. The
spiked samples were then equilibrated overnight with
methanol and centrifuged (1350 g, 75 min). The super-
natants were analyzed by HPLC. The extraction effi-
ciency was calculated by dividing the mass of DCB or
benzidine extracted from the sediment by the mass of
DCB or benzidine spiked into the sediment.
Biodegradation Study
Glass serum bottles containing 50 g of wet sediment,
ranging in texture classification [16] from sandy to
silty-clay, and 180 mL of lake water were used to mimic
the original lake environment. The bottles were spiked
with DCB in methanol, resulting in initial concentra-
tions of approximately 10 and 50 mg DCB/kg sediment.
The bottles were flushed with N2 gas to create an
anaerobic environment and incubated at 20 °C in the
dark. Autoclaved (121 °C, 150 min) sediment/water
samples spiked with DCB served as controls over a
12-month period. The liquid and solid phases within
the bottles were periodically analyzed for DCB and its
degradation products by using HPLC, according to the
methods described in Nyman et al. [7]. The method
consists of shaking the bottles prior to sampling to
facilitate collection of a homogenized sample. The
slurry collected with a syringe (with a needle of 0.686
mm inside diameter) was subjected to centrifugation at
1350 g for 75 min. The sediment was extracted with
methanol and analyzed for DCB and its degradation
products with the FT-ICR mass spectrometer (at a
nominal pressure of 3.5 3 1028 to 6 3 1028 torr).
Photodegradation Study
Approximately 3 mg/L DCB in lake water in a closed
system was irradiated for up to 5 h with two GE
Chroma 50 lamps. The lamps produced radiation at
wavelengths of 360 to 750 nm in a spectrum which
simulates tropospheric solar radiation. The control ex-
periments employed 532-nm radiation. The water phase
was extracted with anhydrous diethyl ether (water:
diethyl ether 5 2:1) and the organic phase was ana-
lyzed for DCB, monochlorobenzidine (MCB), and ben-
zidine with the FT-ICR mass spectrometer at a nominal
pressure of 2 3 1028 torr.
Results and Discussion
Lower Limit of Detection
The lower limit of detection of the FT-ICR was deter-
mined by electron ionization of neat samples of DCB
and benzidine. Only the molecular ion was observed in
these spectra. The calibration plots obtained for the
measured abundances of the molecular ions of DCB and
benzidine demonstrated a lower limit of detection of 29
and 17 pg for DCB and benzidine, respectively, as the
total amount deposited onto the solids probe (based on
a signal to noise ratio of $2:1; 1 mL volume was used).
The calibration curves were linear over a range of tens
of pg to several hundreds of ng. The same applies to
chemical ionization. Ionization with ammonia allowed
the detection of DCB and benzidine at 20 and 9 pg,
respectively (total amount deposited onto the probe in 1
ml; corresponds to 20 and 9 ppt). As a comparison, the
detection limits obtained for DCB and benzidine by
using HPLC with electrochemical detection (ECD) are
approximately 5 pg with a 50-mL injection (0.1 ppt) [3].
The much more specific capillary GC/negative chemi-
cal ionization MS approach [11] requires a greater total
sample amount (about 0.5 ng in 1 ml). However, the
overall sensitivity of this method is better (0.5 ppt).
Identification of DCB in Sediment Samples
DCB is a contaminant in the Great Lake estuaries. This
chemical is believed to be released into the environment
from a single point source in Lake Macatawa (Holland,
MI), an industrial wastewater treatment facility’s per-
mitted effluent diffuser. The distribution of DCB and its
degradation products in the lake was examined on
three different occasions (10/10/1993, 8/28/1994 and
10/6/1996) by collecting 41 sediment samples through-
out the eastern basin of Lake Macatawa (Holland, MI)
as far as 6 km from the point source. The water depth at
the collection sites varied from 119 to 169.
The suspected presence of DCB in the complex
matrix of sediment samples was studied by using the
FT-ICR to analyze the extracts of the samples collected
as far as 5 km from the DCB point source. The samples
were variable in composition, ranging from sandy sed-
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iments with 1%–2.6% organic carbon, to silty-clay sed-
iments with 7.5%–18.2% organic carbon. The molecular
ion of DCB was observed in the electron ionization
mass spectra (for an example, see Figure 2) measured
for extracts of sediment samples collected over a wide
area (approximately 10 km2). DCB does not produce
fragment ions under these conditions. Neat DCB sam-
ples produced a comparable Cl-isotope ratio under
these conditions.
Biodegradation Study
The small FT-ICR mass spectrometer was used to
explore the identities of the biotransformation products
of DCB formed in glass serum bottles containing DCB
spiked sediment and lake water in an anaerobic envi-
ronment. Figure 3 shows the 70-eV electron ionization
mass spectrum of a sample collected after 80 days of
incubation. The spectrum provides conclusive evidence
for the dehalogenation of DCB (m/z 252; in this as well
as other ICR instruments [17], the measured isotope
peak ratios depend on the exact conditions employed)
to benzidine (m/z 184) by a microbially mediated reduc-
tive transformation process, as hypothesized earlier
based on HPLC analysis with UV detection [7]. The ion
of m/z 200, likely to correspond to the molecular ion of
3-hydroxy-4,49-diaminobiphenyl, is believed to be
formed upon reductive dechlorination of DCB in the
aqueous medium. Some of the mass spectra (not
shown) contained peaks corresponding to the molecu-
lar ion (m/z 218) of monochlorobenzidine (MCB). These
results show that dehalogenation of DCB by anaerobic
microbial activity results in the release of benzidine into
sediment and water, and that MCB occurs as a transient
intermediate in this process.
Photodegradation Study
HPLC analysis by Banerjee et al. [18] has led to the
suggestion that DCB photodegrades to MCB and ben-
zidine in the aqueous environment upon exposure to
tropospheric solar radiation. These results were con-
firmed here by using the low field FT-ICR. The photo-
degradation process was studied by irradiating DCB in
lake water with simulated outdoor daylight for up to
5 h and by measuring 70-eV EI and CI mass spectra
after varying irradiation times. Figure 4 shows the
Figure 2. Electron ionization mass spectrum measured for a
sediment sample as described in text.
Figure 3. Electron ionization mass spectrum of a biodegradation
sample collected after 80 days of incubation. Ionized DCB (m/z
252) and benzidine (m/z 184) were identified in the sample present
in the instrument at a nominal pressure of 4.4 3 1028 torr. The ion
of m/z 200, likely corresponding to the molecular ion of 3-hydroxy-
4,49-diaminobiphenyl, is believed to be formed upon reductive
dechlorination of DCB in the aqueous medium.
Figure 4. A mass spectrum of a sample of DCB in Lake Ma-
catawa water irradiated with two GE Chroma 50 lamps for 5 h.
This spectrum demonstrates that ionized DCB (m/z 252) under-
goes dechlorination to MCB (m/z 218) and benzidine (m/z 184). The
ion of m/z 205 corresponds to an unknown compound with an
elemental composition of C13H19NO.
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70-eV electron ionization mass spectrum measured af-
ter 5 h of irradiation. The ions of m/z 252, 254, and 256
correspond to the DCB molecular ion with different
chlorine isotopes (i.e., the starting material of these
photodegradation studies) and their abundances are
consistent with those measured for pure DCB samples
under the same conditions. The ion of m/z 184 corre-
sponds to the molecular ion of benzidine while those of
m/z 218 and 220 correspond to the transient intermedi-
ate MCB. This spectrum demonstrates that DCB under-
goes photodegradation to benzidine with MCB as an
intermediate. The ion of m/z 205 indicates the presence
of an unknown compound with the elemental compo-
sition of C13H19NO (measured mass 205.1456; theoreti-
cal mass 205.1467; 17 possible elemental compositions
were examined).
Conclusion
The small FT-ICR mass spectrometer based on a low
field (0.4-T) permanent magnet was demonstrated to
have a reasonably good sensitivity toward neat DCB
and benzidine over a wide concentration range. This
instrument allowed fast detection of DCB, MCB, and
benzidine in different types of environmentally relevant
matrices, ranging from lake sediments to water sam-
ples. Elemental composition determination was demon-
strated for a degradation product. In all experiments,
the extracts of sample solutions were directly deposited
on a disk, dried, and introduced into the mass spec-
trometer. No prior chromatographic separation or der-
ivatization was needed.
The advantages of this approach to measurements
on environmental samples are speed, simplicity, and
ability to determine the elemental composition of the
compounds. A disadvantage is lower overall sensitivity
than that reported for HPLC with electrochemical de-
tection [3] and capillary GC/negative chemical ioniza-
tion MS [11] (however, a smaller total amount of sample
is needed). The use of an FT-ICR with a higher field
magnet and larger cell will improve the sensitivity and
dynamic range, as well as resolution and the accuracy
of isotope ratio measurement. However, this is an
expensive approach.
The verification of formation of MCB and benzidine
upon biodegradation and photodegradation of DCB is
associated with important environmental implications.
This finding suggests an overall shift in partitioning
toward the aqueous phase during the progressive de-
halogenation of DCB in anaerobic sediments by micro-
bial activity and during photodegradation in lake water
by tropospheric solar radiation. Therefore, dechlorina-
tion is expected to yield higher total concentrations of
these aromatic amines in the solution phase which leads
to greater potential for benzidine transport in the envi-
ronment.
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